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Studies  suggest  marijuana  impacts  gray  and  white  matter  neural  tissue  development,  however  few
prospective  studies  have  determined  the  relationship  between  cortical  thickness  and  cannabis  use
spanning  adolescence  to  young  adulthood.  This  study  aimed  to understand  how  heavy  marijuana  use
inﬂuences  cortical  thickness  trajectories  across  adolescence.  Subjects  were  adolescents  with  heavy mar-
ijuana  use  and  concomitant  alcohol  use  (MJ +  ALC,  n = 30)  and controls  (CON,  n  = 38)  with  limited  substance
use  histories.  Participants  underwent  magnetic  resonance  imaging  and  comprehensive  substance  use
assessment  at three  independent  time  points.  Repeated  measures  analysis  of covariance  was  used to
look  at  main  effects  of group,  time,  and  Group  × Time  interactions  on  cortical  thickness.  MJ +  ALC  showed
thicker  cortical  estimates  across  the brain  (23  regions),  particularly  in  frontal  and  parietal  lobes (ps <  .05).
More  cumulative  marijuana  use was  associated  with  increased  thickness  estimates  by 3-year  follow-maging
ortical thickness
up  (ps  <  .05).  Heavy  marijuana  use  during  adolescence  and  into  young  adulthood  may  be  associated  with
altered  neural  tissue  development  and interference  with  neuromaturation  that  can  have  neurobehavioral
consequences.  Continued  follow-up  of  adolescent  marijuana  users  will  help  understand  ongoing  neural
changes  that  are associated  with  development  of problematic  use into  adulthood,  as well  as potential  for
neural  recovery  with  cessation  of  use.
Published by  Elsevier  Ltd. This  is  an  open  access  article  under  the CC BY-NC-ND  license  (http://. Introduction
Adolescence is a unique developmental period characterized
y major physiological, psychological, and neurodevelopmental
hanges. These changes typically coincide with escalation of alco-
ol and marijuana use (Brown et al., 2008), which continues into
arly adulthood (Sartor et al., 2007). The comorbid use of alcohol
nd marijuana among teens continues to subtly rise as perception of
arm declines. Fifty-eight percent of alcohol drinking adolescents
eport using alcohol and marijuana simultaneously, (Agosti et al.,
002), 45% of youth endorse a lifetime prevalence of marijuana use
y the 12th grade, and 22% of these youth endorse use in the past
0 days (Johnston et al., 2015).
∗ Corresponding author at: VA San Diego Healthcare System, Psychology Service
116B), 3350 La Jolla Village Drive, San Diego, CA 92161, USA. Tel.: +1 858 552 8585;
ax: +1 858 552 7414.
E-mail address: stapert@ucsd.edu (S.F. Tapert).
ttp://dx.doi.org/10.1016/j.dcn.2015.04.006
878-9293/Published by Elsevier Ltd. This is an open access article under the CC BY-NC-Ncreativecommons.org/licenses/by-nc-nd/4.0/).
The adolescent brain undergoes considerable maturation,
including changes in cortical volume and reﬁnement of cortical
connections (Huttenlocher and Dabholkar, 1997). These neural
transformations (e.g., maturing neural circuitry, cortical thinning
and ﬁber projections) leave the adolescent brain more susceptible
to potential neurotoxic effects of substances (Brown et al., 2000;
Spear, 2000; Spear and Varlinskaya, 2005; Squeglia et al., 2009;
Tapert et al., 2002). Although overall brain volume remains largely
unchanged after puberty, ongoing synaptic reﬁnement and myeli-
nation results in reduced gray matter and increased white matter
volume by late adolescence (Casey et al., 2008; Giedd, 2004; Sowell
et al., 2003; Yakovlev and Lecours, 1967).
Cortical gray matter follows an inverted U-shaped develop-
mental course, with cortical volume peaking around ages 12–14
(Giedd, 2004; Giedd et al., 2009; Gogtay et al., 2004; Sowell et al.,
2003). The mechanisms underlying the decline in cortical volume
and thickness are suggested to involve pruning and elimination
of weaker synaptic connections, decreases in neuropil, increases in
intra-cortical myelination, or changes in the cellular organization of
the cerebral cortex (Huttenlocher and Dabholkar, 1997; Paus et al.,
D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Demographic characteristics at baseline (N = 68), unless otherwise noted.
CON
n = 38
M (SD)
MJ  + ALC
n = 30
M (SD)
Age, baseline 17.7 (0.9) 18.2 (0.8)
Age, Year 1.5 19.1 (0.9) 19.6 (0.8)
Age, Year 3 20.8 (1.0) 21.2 (0.7)
%  Male 76% 63%
%  Caucasian 63% 66%
Grade point average 3.4 (0.6) 3.1 (0.7)
Annual household income 127.4 (77.6) 136.8 (106.9)
%  Family History positive for
substance use disorder
58% 68%
Vocabulary T-score 59.5 (9.1) 56.4 (8.5)
Body Mass Index, baseline 22.9 (3.2) 23.8 (4.6)
Body Mass Index, Year 1.5 23.1 (3.0) 23.9 (4.5)
Body Mass Index, Year 3 23.6 (3.1) 24.8 (4.8)
Beck Depression Inventory
total, baseline
2.4 (2.7) 3.1 (3.6)
Beck Depression Inventory
total, Year 1.5
2.8 (4.6) 3.6 (3.7)
Beck Depression Inventory
total, Year 3
2.3 (4.1) 3.5 (5.4)
Spielberger State Anxiety
T-score, baseline
37.4 (7.2) 40.2 (8.2)
Spielberger State Anxiety
T-score, Year 1.5
37.6 (6.2) 36.2 (4.7)
Spielberger State Anxiety
T-score, Year 3
36.4 (6.6) 39.1 (8.3)
Lifetime MJ use episodes,
baseline to Year 3*
125.5 (246.4) 1100.3 (698.8)
Lifetime alcohol use episodes,
baseline to Year 3*
247.5 (247.0) 604.8 (418.0)
Lifetime other drug use
episodes, baseline to Year 3*
12.6 (32.0) 77.0 (113.9)
Average # cigarettes per day,
baseline*
0.1 (0.2) 0.8 (2.2)
Average # cigarettes per day,
Year 1.5*
0.1 (0.5) 1.0 (2.4)
Average # cigarettes per day,
Year 3
0.3 (1.4) 0.8 (1.8)
Days since last MJ  use, baseline – 65.3 (113.4)
Days since last MJ  use, Year 1.5 158.6 (456.3) 85.2 (160.9)
Days since last MJ  use, Year 3 142.0 (336.9) 97.8 (189.1)
Days since last alcohol use,
baseline
114.4 (168.9) 61.2 (98.6)
Days since last alcohol use,
Year 1.5
65.7 (242.4) 44.1 (131.5)
Days since last alcohol use,
Year 3*
34.5 (69.0) 15.1 (15.7)
Age of onset, regular marijuana
usea
– 15.3 (2.0)
Age of onset, regular alcohol
usea,*
17.9 (0.9)b 16.5 (2.0)c
a Deﬁned as >1x/week for 52+ weeks.
b n = 24.02 J. Jacobus et al. / Developmental Co
008; Tamnes et al., 2009). In contrast, white matter development
enerally is characterized by linear volume increases driven by pro-
ressive axonal myelination (Giedd et al., 2009; Gogtay et al., 2004;
immonds et al., 2014). These processes reﬁne motor functioning,
igher-order cognition, and cognitive control (Bava et al., 2010).
Marijuana use during adolescence is associated with altered
rain structure. Studies show alterations in white matter integrity
n adolescent marijuana users compared to non-users, particularly
n fronto-parietal circuitry and pathways connecting the frontal
nd temporal lobes (Bava et al., 2009). Altered cortical morphom-
try has also been observed in adolescent marijuana users, with
arijuana-using adolescents having larger cerebellar volumes than
on-users (Medina et al., 2010), thinner cortices in prefrontal and
nsular regions, and thicker cortices in posterior regions when
ompared to controls (Lopez-Larson et al., 2011). Structural neu-
oimaging studies have also examined whether structural brain
lterations were present before onset of marijuana use (Cheetham
t al., 2012). Notably, orbitofrontal cortex (OFC) volumes at age
2 predicted initiation of marijuana use at age 16 when control-
ing for other substance use. Regional volume vulnerabilities may
ncrease risk for initiation and maintenance of marijuana mis-
se.
This study builds on previous work by our laboratory exam-
ning the acute and longer-term impact of adolescent marijuana
se on cortical thickness pre- and post 28-days of monitored absti-
ence from marijuana (Jacobus et al., 2014). We  found increased
emporal lobe thickness estimates in adolescent heavy marijuana
sers (age 17), and negative associations with cortical thickness
nd lifetime marijuana use both acutely and following prolonged
bstinence from marijuana. It is unclear if such structural alter-
tions of the cerebral cortex persist into young adulthood. The
im of this prospective study was to identify differences in cortical
hickness between adolescent heavy marijuana users and control
dolescents with minimal substance use histories assessed at three
ndependent time points (∼ages 18, 19 and 21 respectively). We
ypothesized that those individuals who initiated heavy marijuana
se during adolescence would show thicker cortices over time
ompared to our control teens by young adulthood in frontal and
emporal brain regions.
. Methods
.1. Participants
Adolescents were recruited from local San Diego schools and fol-
owed for three years, which included a baseline assessment (ages
6–19 at enrollment) and subsequent 1.5, and 3-year in-person
ollow-up visit (see Table 1). Participants underwent neuroimag-
ng and substance use assessment at all three time points. Study
esign invited individuals back every 18-months in order to capture
elationships between substance use and neuroimaging estimates
panning adolescence to young adulthood (i.e., repeated assess-
ent over 3 years beginning at ages 16–19). Inclusion in the
resent study required valid neuroimaging data at all three time
oints (N = 68) to avoid asymmetrical processing in the longi-
udinal cortical thickness processing approach. All participants
nderwent written informed consent (or assent if under age
8 and consent from their guardians) in accordance with the
niversity of California, San Diego Human Research Protections
rogram. Marijuana and control groups were selected based on
ifetime marijuana use episodes at baseline (>100 lifetime mar-
juana use episodes for users and <10 for controls), and alcohol
se was limited to <150 lifetime drinking episodes for both
roups at enrollment. Adolescents were then classiﬁed at base-
ine as marijuana users who also use alcohol regularly (MJ  + ALC,
 = 30; ≥120 lifetime marijuana use episodes and ≥22 lifetimec n = 26.
* p<.05.
alcohol use episodes at study entry) or control teens with lim-
ited marijuana use histories (CON, n = 38; ≤9 lifetime marijuana
use episodes, and ≤20 lifetime alcohol use episodes, on average).
Average days of marijuana use per month ranged from 13 to 15
days over the course of three years for the substance users (see
Fig. 1). The vast majority of substance users, MJ + ALC, met  criteria
for marijuana abuse/dependence over the course of the three-
year study (97%) and approximately 87% met  criteria for alcohol
abuse/dependence. Approximately 55% of controls met  criteria for
alcohol abuse/dependence over the course of the study; six partic-
ipants (15%) in the control group met abuse criteria for marijuana
use at 3-year follow-up. See Fig. 1 for frequency and cumulative
alcohol and marijuana use reported over the course of three years
for the sample.
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Exclusionary criteria at study entry included: history of a life-
ime DSM-IV Axis I disorder (other than cannabis or alcohol
buse/dependence), history of learning disability; history of neuro-
ogical disorder or traumatic brain injury with loss of consciousness
2 min; history of a serious physical health problem; complicated
r premature birth including prenatal substance use; uncorrectable
ensory impairments; left handedness; and use of psychoactive
edications.
Participants underwent weekly toxicology screening for four
eeks prior to their neuroimaging session to conﬁrm abstinence
rom marijuana at each time point (monitored abstinence at
aseline, 1.5, and 3-year follow-up). Decreasing 11-nor-9-carboxy-
etrahydrocannabinol (THCCOOH) metabolite ratios conﬁrmed
ompletion of the marijuana abstinence protocol at each visit and
elped ensure the longer-term adverse alterations in cortical thick-
ess were being captured, as compared to acute effects of recent
se. Compliance at each visit was determined for each positive test
esult by dividing each THCCOOH normalized collection by the pre-
ious collected specimen (urine 2/urine 1), per Huestis and Cone
ecommendations for determining new cannabis use as a func-
ion of time (Huestis and Cone, 1998; Smith et al., 2009). Notably,
ositive THCCOOH/creatinine ratios ranged from 0.0 to 10.6 ng/mg
n the day of the scan session across all three time points (base-
ine, Year 1.5, and Year 3), which falls below the commonly used
onﬁrmation cutoff <15 ng/mL.s of sample (N = 68), *p < .05.
2.2. Measures
2.2.1. Substance use and mental health assessment
The Customary Drinking and Drug Use Record was used to assess
lifetime alcohol, marijuana, cigarette, and other drug use (Brown
et al., 1998), deﬁned as cumulative use (e.g., alcohol, marijuana)
episodes (i.e., number of days) reported at study entry (baseline),
the interval from baseline to Year 1.5, and the interval from Year 1.5
to Year 3. The Timeline Followback was  used to assess self-reported
substance use (e.g., alcohol, marijuana) in the 28 days prior to each
scan session (Sobell and Sobell, 1992).
2.2.2. Emotional functioning and demographics
The Diagnostic Interview Schedule for Children Predictive Scales
(Lucas et al., 2001; Shaffer et al., 1996) was administered to youth
and parent at the screening interview to identify and exclude those
individuals with Axis-I disorders other than alcohol or cannabis
use disorder. The Beck Depression Inventory (BDI; Beck, 1978)
and Spielberger State Trait Anxiety Inventory (STAI; Spielberger
et al., 1970) assessed depression and state anxiety. The Family
History Assessment Module (Rice et al., 1995) assessed family his-
tory of psychiatric and substance use disorders. Parental income
and grade point average were collected during a clinical interview
prior to the baseline imaging session. The Wechsler Abbrevi-
ated Scale of Intelligence (WASI) Vocabulary subtest was included
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s an estimate of premorbid intellectual functioning (Wechsler,
999).
.3. Procedures
.3.1. Cortical thickness acquisition and processing
All scans were acquired on the same 3.0 T CXK4 short bore
xcite-2 magnetic resonance system (General Electric, Milwaukee,
I)  with an eight-channel phase array head coil at the Univer-
ity of California San Diego Center for Functional MRI. Subjects
ere asked to remain still in the scanner while a high-resolution
1-weighted anatomical spoiled gradient recall (SPGR) scan was
cquired (TE/TR = min  full, ﬁeld of view = 24 cm,  resolution = 1 mm3,
70 continuous slices).
Cortical thickness estimates were extracted using previously
ublished methods by our laboratory (Jacobus et al., 2014). The
euroimaging software FreeSurfer, which is well documented and
reely available (version 5.1, surfer.nmr.mgh.harvard.edu), was
sed for cortical surface reconstruction and thickness estimates
Dale et al., 1999; Fischl et al., 1999). The initial cross-sectional
rocess involves motion correction and averaging of T1 weighted
mages, removal of non-brain tissue and transformation to stan-
ardized space, segmentation of subcortical white and deep gray
atter structures, intensity normalization, and tessellation of
he gray/white matter boundary. Local MRI  intensity gradients
hen guide a surface deformation algorithm to place smooth
orders where the greatest shift in intensity deﬁnes transi-
ion to other tissue classes (Dale et al., 1999; Fischl and Dale,
000; Fischl et al., 1999, 2004); this procedure allows for quan-
iﬁcation of submillimeter group differences (Fischl and Dale,
000).
Cortical thickness was calculated as the closest distance from the
ray/white matter boundary to the gray matter/cerebral spinal ﬂuid
oundary at each vertex on the cortical surface (Fischl and Dale,
000). Validity of the cortical thickness measurement procedures
as been veriﬁed using manual measurements and histological
nalysis (Kuperberg et al., 2003; Rosas et al., 2002; Salat et al.,
004). Test–retest reliability across scanners and ﬁeld strenghts has
een shown using these standardized procedures (Han et al., 2006;
euter et al., 2012).
Following cross-sectional processing of all three time points,
ata was next fed through the longitudinal processing stream
n FreeSurfer (Reuter et al., 2012). This approach extracts reli-
ble volume and thickness estimates by creating an unbiased
ithin-subject template space and image from the three cross-
ectionally processed time points (baseline and follow-ups)
sing a consistent robust inverse registration method (Reuter
t al., 2010). Processing steps such as Talairach transforms, atlas
egistration, and spherical surface maps and parcellations are
nitialized with common information from the within-subject tem-
late, increasing reliability and statistical power (Reuter et al.,
012).
To identify errors made during cortical reconstruction
rocessing, one rater (JJ), blind to participant characteristics,
ollowed the reconstruction and longitudinal edit procedures to
orrect any errors made during the cortical reconstruction process.
his involved veriﬁcation of the automated skull stripping, and
 coronal plane slice-by-slice inspection of the gray/white and
ray/cerebral spinal ﬂuid surfaces. Modiﬁcations to the surfaces
ere made as necessary to correct for tissue misclassiﬁcations
e.g., residual dura mater classiﬁed as cortex). All longitudinal runs
ere checked for quality, and no editing was necessary followinghe longitudinal processing.
Following inspection, an automated parcellation procedure
ivided each hemisphere into 34 independent cortical regions
ased on gyral and sulcal features (Desikan et al., 2006; Fischl et al., Neuroscience 16 (2015) 101–109
2004). Cortical thickness estimates averaged over each parcellation
region were extracted for statistical analyses in SPSS.
2.4. Data analysis
2.4.1. Demographic comparisons
Analysis of variance (ANOVA) and Chi-square tests were run
between groups to evaluate differences on demographic and sub-
stance use variables and to identify appropriate covariates for
subsequent analysis (see Table 1 and Fig. 1 for substance use char-
acteristics of this sample).
2.4.2. Cortical thickness measurement
Repeated measures analysis of covariance (ANCOVA) exam-
ined main effects of group, time, and Group by Time interactions
on cortical thickness values for 34 independent standard neu-
roanatomical cortical regions (Desikan et al., 2006) in each
hemisphere. Signiﬁcant between-group and interaction effects
were followed-up post hoc to determine what time point was driv-
ing the statistically signiﬁcant between-group differences (  ˛ = .05).
Intracranial volume (ICV) and lifetime alcohol use was included
as a covariate given the high rate of alcohol use reported by the
marijuana users in this sample.
2.4.3. Secondary correlational analysis
Partial correlations (controlling for lifetime alcohol and mar-
ijuana use given associations between both substances and the
outcome variable cortical thickness) (Jacobus et al., 2014)) were
run in our MJ  + ALC group (n = 30) and CON group (n = 38) to explore
unique substance use associations (e.g., cumulative alcohol and
marijuana use, recency of alcohol and marijuana use, and age of
marijuana use onset) with cortical thickness at 3-year follow-up.
3. Results
3.1. Demographics
No demographic differences were observed (see Table 1). Group
differences in substance use were observed, consistent with inclu-
sion criteria and recruitment efforts for heavy marijuana users and
controls (see Table 1, Fig. 1).
3.2. Cortical thickness measurement
Examination of 34 independent cortical regions in each hemi-
sphere revealed signiﬁcant group and Group by Time effects
consistent with ﬁndings of thicker cortices in the MJ  + ALC group
across the brain (ps < .05). No main effects of time were identi-
ﬁed. Findings within each lobe of the brain are presented below
(see Table 2). Lifetime alcohol use and ICV were identiﬁed a pri-
ori as covariates for each ANCOVA; all signiﬁcant ﬁndings were
re-run controlling for lifetime other drug use and results remain
unchanged (ps < .05).
3.2.1. Frontal lobe cortical thickness
In the right hemisphere, the group main effect signiﬁ-
cantly predicted cortical thickness in the right precentral gyrus
(F(1,64) = 6.54, p = .01) and right paracentral lobule (F(1,64) = 6.4,
p = .01). Follow-up analysis for the right hemisphere revealed statis-
tically signiﬁcant between group differences at baseline and 3-year
follow-up for the right precentral gyrus (ps < .02) and 1.5 and 3-year
follow-up for the right paracentral lobule (ps < .02) (see Fig. 2) in
which MJ  + ALC showed thicker estimates compared to CON.
In the left hemisphere, the group main effect signiﬁcantly
predicted cortical thickness estimates in the left precentral
gyrus (F(1,64) = 12.21, p < .01), left pars opercularis (F(1,64) = 4.90,
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Table  2
Cortical thickness estimates across time points for between-group differences identiﬁed. Means below are adjusted for lifetime alcohol use and ICV. Cohen’s d reﬂects
between-group differences (CON < MJ+ALC) at each time point.
CON (n = 38)
M (SE)
MJ + ALC (n = 30)
M (SE)
Cohen’s da
Baseline
Cohen’s da
1.5 Years
Cohen’s da
3 Years
Baseline 1.5 Years 3 Years Baseline 1.5 Years 3 Years
Frontal lobe
RH precentral Gyrus 2.68 (.02) 2.66 (0.02) 2.64 (0.02) 2.75 (0.02) 2.72 (0.02 2.71 (0.02) 0.47* ns 0.47*
RH paracentral lobule 2.55 (0.02) 2.54 (0.02) 2.54 (0.02) 2.62 (0.02) 2.63 (0.02) 2.62 (0.02) ns 0.46* 0.41
LH  precentral gyrus 2.72 (0.02) 2.70 (0.02) 2.67 (0.02) 2.79 (0.02) 2.79 (0.02) 2.77 (0.02) 0.47* 0.60* 0.67*
LH pars opercularis 2.73 (0.02) 2.69 (0.02) 2.65 (0.02) 2.78 (0.03) 2.78 (0.03) 2.73 (0.03) ns 0.43* 0.38
LH  frontal pole 2.98 (0.05) 2.91 (0.05) 2.87 (0.05) 3.13 (0.05) 3.08 (0.05) 3.03 (0.05) 0.33* 0.37* 0.35*
LH paracentral lobule 2.60 (0.02) 2.53 (0.02) 2.52 (0.02) 2.60 (0.03) 2.59 (0.03) 2.59 (0.03) ns ns 0.33*
LH superior frontal gyrus 2.94 (0.02) 2.85 (0.02) 2.81 (0.02) 2.95 (0.03) 2.92 (0.03) 2.90 (0.03) ns ns 0.41*
Parietal lobe
RH superior parietal cortex 2.34 (0.02) 2.30 (0.02) 2.29 (0.02) 2.40 (0.02) 2.37 (0.02) 2.36 (0.02) 0.40* 0.47* 0.47*
RH inferior parietal cortex 2.66 (0.02) 2.60 (0.02) 2.58 (0.02) 2.70 (0.02) 2.67 (0.02) 2.64 (0.02) ns 0.39* 0.33*
RH supramarginal gyms 2.76 (0.02) 2.73 (0.02) 2.70 (0.02) 2.83 (0.02) 2.80 (0.02) 2.77 (0.02) 0.39* 0.39* 0.39*
RH postcentral gyrus 2.18 (0.02) 2.17 (0.02) 2.14 (0.02) 2.25 (0.02) 2.23 (0.02) 2.23 (0.02) 0.44* 0.37* 0.56*
RH precuneus 2.55 (0.02) 2.53 (0.02) 2.54 (0.02) 2.62 (0.02) 2.64 (0.02) 2.62 (0.02) 0.41* 0.65* 0.47*
LH superior parietal cortex 2.35 (0.02) 2.29 (0.02) 2.28 (0.02) 2.39 (0.02) 2.37 (0.02) 2.33 (0.02) ns 0.53* ns
LH  supramarginal gyrus 2.77 (0.02) 2.74 (0.02) 2.70 (0.02) 2.81 (0.02) 2.82 (0.02) 2.77 (0.02) ns 0.44* 0.39*
LH postcentral gyrus 2.21 (0.02) 2.20 (0.02) 2.18 (0.02) 2.28 (0.02) 2.27 (0.02) 2.24 (0.02) 0.44* 0.44* 0.38*
Temporal lobe
RH transverse temporal cortex 2.61 (0.03) 2.61 (0.03) 2.60 (0.04) 2.75 (0.04) 2.76 (0.04) 2.77 (0.04) 0.44* 0.47* 0.53*
Occipital lobe
LH pericalcarine cortex 1.71 (0.03) 1.72 (0.03) 1.71 (0.03) 1.82 (0.03) 1.81 (0.03) 1.80 (0.03) 0.48* 0.39* 0.39*
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p < .05 bold and asterisk reﬂects signiﬁcant between group difference.
a CON < MJ  + ALC.
 = .03), and left frontal pole (F(1,64) = 4.62, p = .03). The group
y time interaction predicted cortical thickness in the left para-
entral lobule (F(2,63) = 4.72, p = .01), left superior frontal gyrus
F(1.7,110.35) = 3.60, p = .03), and left pars orbitalis F(2,63) = 4.21,
 = .01) (see Table 2).
Follow-up analysis for the main effect of group in the left hemi-
phere revealed signiﬁcant differences at all three time points for
eft precentral gyrus (ps ≤ .01) and left frontal pole (ps ≤ .04); and
.5 and 3-year follow-up for left pars opercularis (ps ≤ .03) in which
J + ALC showed thicker estimates compared to CON. Signiﬁcant
nteraction effects revealed thicker estimates for MJ  + ALC at 3-year
ollow-up only in the left paracentral lobule (p = .04); and while CON
ecreased in thickness from baseline to 3-year follow-up in this
egion (ps < .01), no statistically signiﬁcant decline was  observed for
J + ALC. The between-group effect was only signiﬁcant at 3-year
ollow-up in the left superior frontal gyrus (p = .02, MJ + ALC > CON),
nd both groups decreased over time (ps < .02). While no between-
roup differences were identiﬁed in left par orbitalis, decreasing
hickness estimates (ps < .01) were identiﬁed across time points,
ith the exception of baseline to 1.5-year follow-up for MJ  + ALC
see Table 2).
.2.2. Parietal lobe cortical thickness
In the right hemisphere, the group main effect signiﬁcantly
redicted cortical thickness estimates in the right superior pari-
tal cortex (F(1,64) = 7.83, p < .01), right inferior parietal cortex
F(1,64) = 4.05, p = .04), right supramarginal gyrus (F(1,64) = 5.38,
 = .02), right postcentral gyrus (F(1,64) = 8.00, p < .01), and right
recuneus cortex (F(1,64) = 9.78, p < .01). Follow-up analysis
evealed signiﬁcant between group differences at all three time
oints for the right superior parietal cortex (ps ≤ .02), right supra-
arginal gyrus (ps < .05), right postcentral gyrus (ps < .05), right
recuneus cortex (ps < .02), and 1.5 and 3-year follow-up for right
nferior parietal cortex (ps < .05) (see Table 2, Fig. 2).
In the left hemisphere of the parietal lobe, the group main
ffect signiﬁcantly predicted thickness estimates in the left supe-
ior parietal cortex (F(1,64) = 7.03, p = .01), left supramarginal gyrus(F(1,64) = 4.28, p = .04), and the left postcentral gyrus (F(1,64) = 6.32,
p = .01). Follow-up analysis revealed signiﬁcant differences at 1.5-
year follow-up in the left superior parietal cortex (p = .01), 1.5 and
3-year follow-up in the left supramarginal gyrus (ps ≤ .03), and all
three time points in the left postcentral gyrus (ps ≤ .03) (see Table 2,
Fig. 2).
3.2.3. Temporal lobe cortical thickness
The group main effect signiﬁcantly predicted cortical thickness
estimates in the right transverse temporal cortex (F(1,64) = 9.44,
p < .01), and follow-up analysis revealed signiﬁcant between group
differences at all three time points (ps < .01) (see Table 2).
3.2.4. Occipital lobe cortical thickness
No main or interaction effects were found to predict cortical
thickness estimates in the right hemisphere. However, the main
effect of group predicted cortical thickness in the left pericalcarine
cortex (F(1,64) = 7.39, p < .01). Follow-up analysis revealed between
group differences at all three time points (ps < .03) (see Table 2).
3.3. Associations with substance use severity and cortical
thickness at 3-year follow-up
3.3.1. Marijuana use
Positive partial correlations (n = 30, MJ + ALC only), between
cumulative marijuana use and cortical thickness controlling for life-
time alcohol use, were identiﬁed in the left inferior temporal cortex
(pr = .39, p = .03) and right entorhinal cortex (pr = .39, p = .03) (see
Fig. 3).
3.3.2. Alcohol use
Negative association between lifetime alcohol use and cortical
thickness (controlling for lifetime marijuana use) were identiﬁed in
the left hemisphere, including the left paracentral lobule (pr = −.40,
p = .03); left pericalcarine cortex (pr = −.42, p = .02); left postcentral
gyrus (pr = −.43, p = .02); and left precentral gyrus (pr = −.39, p = .03).
Similarly, negative associations with lifetime alcohol use were also
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LH)  and right (RH) hemisphere); *p < .05.
dentiﬁed in the right hemisphere, including the right caudal ante-
ior cingulate (pr = −.39, p = .03); right fusiform gyrus (pr = −.433,
 = .01); right lingual gyrus (pr = −.37, p = .04); right postcen-
ral gyrus (pr = −.37, p = .04); right precentral gyrus (pr = −.47,
 = .01).
Age of onset of regular marijuana use was negatively associated
ith cortical thickness in the right entorhinal cortex, controlling for
ifetime alcohol use (pr = −.46, p = .01). There were no associations
etween age of onset of regular alcohol use (ps > .10) and recency of
arijuana and alcohol use (ps > .05) and cortical thickness at follow-
p. No signiﬁcant partial correlations were identiﬁed within the
ON group (ps > .05).
. Discussion
This study looked at cortical thickness estimates at three
ndependent time points (ages 18, 19, and 21, respectively) in ado-
escent marijuana and alcohol users compared to controls with
imited substance use histories. We  found signiﬁcant between-
roup differences in cortical thickness estimates after controlling
or lifetime alcohol use. MJ  + ALC demonstrated increased corti-
al thickness estimates in all four lobes of the brain, bilaterally.
otably, 18 of 23 regions in which differences were observed were
n the frontal and parietal cortex. Positive dose-dependent asso-
iations were identiﬁed in temporal brain regions, as cumulativesured in millimeters and controlling for lifetime alcohol use and ICV, (N = 68) (left
marijuana use from ages 16 to 22 was associated with thicker
cortices in inferior temporal and entorhinal cortex. Several nega-
tive associations were observed with lifetime alcohol use, as more
alcohol use reported was associated with thinner cortical estimates
in all four lobes.
It is important to detail how these ﬁndings compare to our pre-
vious work with a similar sample, as we found both similarities and
differences from our cortical thickness study in which adolescent
marijuana users were observed pre- and post 28-days of monitored
abstinence (Jacobus et al., 2014). In Jacobus et al. (2014), increased
thickness estimates in our marijuana users (controlling for alco-
hol use) was  found in the entorhinal cortex compared to matched
controls. Similarly, the present study found increased thickness esti-
mates in our user group compared to our controls, and ﬁndings
were more widespread and noted in all four lobes of the brain. The
present study also found more lifetime marijuana use was  associ-
ated with increased thickness in the entorhinal cortex, a region rich
in cannabinoid 1 (CB1) receptors and important for learning and
memory (Battistella et al., 2014; Iversen, 2003; Tsou et al., 1998).
However, dose-dependent bivariate correlations were different
in that previously (Jacobus et al., 2014) we saw increased mari-
juana use associated with thinner cortices and increased alcohol
use associated with thicker cortical estimates at age 17, pre- and
post monitored abstinence. Our dose-dependent associations in
the present study suggest otherwise. We  found increased lifetime
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cig. 3. Bivariate relationships (A) and corresponding partial correlations (B) with lif
ight  (RH) hemisphere), controlling for lifetime alcohol use (n = 30).
arijuana use reported associated with thicker  cortical estimates
nd increased lifetime alcohol use reported associated with thin-
er cortices (at age ∼21). This may  reﬂect several points recently
iscussed by Filbey and colleagues (2014) in the literature, includ-
ng (1) methodological issues, the present study assessed substance
ndependently over the course of three years compared to 28-days
t age 17; (2) age and maturational bias, correlations in the present
tudy reﬂect associations following many years of substance use
nd potential for interference with complex neurodevelopmental
rocesses; (3) changes in marijuana and alcohol use patterns, as
ndividuals in the present study remain relatively chronic in their
arijuana use over time but subtly increase in their alcohol use;
nd (4) possible interactions with pre-existing vulnerabilities that
re present at age 17 (near initiation), but likely changes as the
ndividual continues to chronically use substances and increase in
ge (Cheetham et al., 2012; Filbey et al., 2014; Jacobus et al., 2013a;
queglia et al., 2014)
Lopez-Larson and colleagues (2011) cross-sectionally investi-
ated cortical thickness in adolescents ages 16–19 years, with
eavy marijuana use histories. They found decreased thickness in
rontal regions and the insula, along with increased thickness in
ingual, temporal, and parietal regions. The present study found
ncreases in thickness in parietal, temporal, and occipital cortices,
onsistent with work by this team. The mechanism by which
arijuana may  alter the neural architecture and plasticity of the
rain is undetermined. The endocannabinoid system plays a role in
euromaturational processes (e.g., pruning) and modulates neuro-
ransmission for several neurotransmitter systems (Berghuis et al.,
007; Iversen, 2003; Rubino and Parolaro, 2008; Stella, 2013). Inter-
erence with this system due to marijuana, or tetrahydrocannabinol
THC) administration, likely causes a cascade of neuronal events
Kim and Thayer, 2001; Kim et al., 2008) that changes brain struc-
ure and function (Batalla et al., 2013), and thereby neurocognitive
rocessing (Meier et al., 2012), emotional regulation and reward
rocessing (Cousijn et al., 2011), and propensity for psychiatric
omorbidities and addiction (Hall, 2014). marijuana use and cortical thickness, measured in millimeters (mm) (left (LH) and
It is unclear how associations with marijuana use and cortical
thickness remodeling may  be unique compared to alterations in
macrostructural volume (e.g., volume comprised of cortical area
and thickness). Studies suggest that volume changes are driven
by changes in surface area (Im et al., 2008; Pakkenberg and
Gundersen, 1997) whereas others suggest thickness as one ages
(Storsve et al., 2014), however relationships between these metrics
are likely dynamic across the lifespan and represent different neu-
romaturational mechanisms at different stages of life and disease
(e.g., myelination, quantity of cortical columns, cellular organiza-
tion of cortical columns, dendrites, synapses) (Mountcastle, 1997;
Ostby et al., 2009; Rakic, 1988; Storsve et al., 2014). Changes in
regional brain volume associated with marijuana use have var-
ied, as some have observed decreased volume (Ashtari et al., 2011;
Demirakca et al., 2011; Schacht et al., 2012) and others have identi-
ﬁed macrostructural volume increases in CB1-dense brain regions
such as neocortex, amygdala, striatum, hippocampus, and cerebel-
lum (Cousijn et al., 2012; Gilman et al., 2014; McQueeny et al., 2011;
Medina et al., 2010).
In reward-network regions speciﬁcally, such as the orbitofrontal
cortex (OFC), a recent examination by Filbey and colleauges, found
decreased orbitofrontal cortex (OFC) volume in heavy marijuana
users compared to controls, and increased structural and func-
tional connectivity within the OFC network. Lorenzetti and collages
(2014), did not ﬁnd OFC differences in their sample of heavy
marijuana users, but did see smaller hippocampus and amygdala
volumes. Cheetham et al. (2012) found that smaller OFC volume
pre-initiation of marijuana use (age 12) predicted progression into
use four years later (age 16). Taken together, ﬁndings underscore
that alterations in cortical metrics are likely dynamic and inﬂu-
enced by age, pre-existing vulnerabilities, and exogenous factors
such as marijuana use. Continuing to study associations between
cortical metrics and substance use is important given estimates
have been linked to cognitive functioning in several studies in our
laboratory and others (Ashtari et al., 2011; Jacobus et al., 2014;
Squeglia et al., 2012).
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childhood through early adulthood. Proc. Natl. Acad. Sci. U. S. A. 101 (21),08 J. Jacobus et al. / Developmental Co
Alcohol likely has similar deleterious consequences on the brain.
he present dose-dependent associations are consistent with our
revious ﬁndings, as Squeglia et al., found decreases in cortical
hickness estimates associated with heavy episodic alcohol use
n males (Squeglia et al., 2012), and accelerated declining brain
olume trajectories in a large prospective investigation examin-
ng individuals (ages 12–24) who transitioned to heavy drinking
Squeglia et al., in press). Alcohol likely interferes with neural devel-
pment of the cerebral cortex, and thinner cortices observed with
ore cumulative use reported may  represent non-beneﬁcial prun-
ng and/or inhibition of cell generation or cell death (Crews and
ixon, 2009).
Limitations of the present study include self-report of substance
se, which can introduce measurement error. Further, while this
tudy was prospective, participants were not assessed prior to ini-
iation of substance use. However, previous work in our laboratory
nds marijuana-related associations with white matter integrity
n a sample of individuals assessed pre- and post-initiation of sub-
tance use (Jacobus et al., 2013b). Nevertheless, future work should
etermine the inﬂuence of pre-existing differences on cortical
etrics. The current investigation included users of both mari-
uana and alcohol, and despite controlling for alcohol use, it remains
nclear what is precisely the result of marijuana as compared to the
ombination of co-occurring marijuana and alcohol use. Our sample
as predominately male (70%), however gender should be evalu-
ted and future studies will focus on differential gender effects on
rain morphometry in adolescent marijuana users. Group did not
tatistically differ on days since last use of marijuana and alcohol
se, likely inﬂuenced by the monitored abstinence period, therefore
cute effects may  not have been captured in our reported ﬁnd-
ngs. A statistically signiﬁcant within-subjects effect was not widely
bserved (e.g., decreasing cortical thickness estimates), which may
e attributed to the smaller sample size combined with a more
estricted age range. We  tried to reduce the number of correla-
ional analysis that were conducted, however given that effects
ere modest, future work should replicate ﬁndings.
Studies should continue to follow existing adolescent cohorts to
nderstand neural and behavioral changes that occur into young
dulthood. Understanding how co-occurring marijuana and alco-
ol use inﬂuences both macrostructural and microstructural brain
evelopment, along with structural and functional connectivity,
ill help clinical interventions target neural vulnerabilities to
evelop novel and effective interventions to reduce marijuana mis-
se as prevalence rates of marijuana continue to increase (Johnston
t al., 2015).
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